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Summary

An investigation of the fundamental processes involved in
the protection of tantalum and columbium by their silicides ié
in progress. The program has four parts. The first part is
devoted to establishing thermochemical data for the silicides
and employs an entirely solid state electrochemical cell. The
second part deals with the protection of both coating and sub-
strate by the protective glass formed during oxidation. Under
certain conditions of temperature and pressure this glass does
not form and the coating fails. The study of glass structure
and growth is aimed at understanding the causes of failure and
providing a rational basis for improving coatings. In the third
part oxidation rates and the possibility of using coating modi-
fiers to promote the formation of glassy films is to be tested.
Lastly, since coating life may be limited by the formation of
intermediate phases between the silicide and the substrate, these
interactions are being investigated in the fourth part of the
program along with the efficacy of diffusion barriers to retard
intermediate phase growth,

The previous reports described the development of specimen

“ . v ' T S, . Al e i
fabrication techinigues, the design and construction of e

and preliminary tests of some of the methods to be used. Further
tests and improvements in methods and apparatus are given in
this report. Preliminary results on the rate of oxidation of

TiSi2 between 300 and lZOOOC are presented. New information

on interphase growth in the Ta-TaSi., system has been obtained.

2
A new line of investigation on silicide reactions has been added.
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Introduction

Refractory metals are required for a variety of applications
at elevated temperatures, particularly for air-breathing engines,
because their high strength is retained under service conditions.
These metals, however, suffer from a susceptibility to oxidation,
Above about 1300°F oxidation rates are prohibitive, and a pro-
tective coating is required. Silicide and aluminide coatings
have been most successful thus far,

The development of coatings has proceeded by largely empiri-
cal methods. While this is undoubtedly the way to obtain practi-
cal coating systems rapidly, a successful coating technology must
be backed by fundamental information atmosphere-coating-substrate
systems. Previous studies on the development of protective sili-
cide coatings were reviewed in the third Semiannual Report.

The program reported here was undertaken to provide an under-
standing of the behavior of the coated substrate in its environ-
ment, This involves the mechanisms and rates of oxidation of the
coating and the effects of modifiers as well as the mechanisms
and rates of interaction of the coating with the substrate. The
tantalum-silicide and columbium-silicon systems, at temperatures
up to 25000F and under oxygen pressures of one atmosphere and
above, are under study.

Four major lines of investigation are in progress:

1) thermochemical data,

2) glass structure and growth,

3) oxidation rates and coating modifiers,

4) substrate-coating interaction and barriers.

To discuss the behavior of tantalum-silicon and columbium-
silicon systems under oxidation requires thermochemical data for
the oxides and silicides. At present the free energies of forma-

tion of the silicides of tantalum and columbium are not available.




These are being determined in the first part of the program using
a solid galvanic cell at elevated temperature.

The oxidation protection of metals by silicides depends on
the formation during oxidation of a glass which acts as a barrier
to oxygen. The oxidation products frequently do not form a pro-
tective film. In the second line of investigation the glasses
formed on oxidation are being investigated with the objective of
understanding the differences between the structure of protec-
tive and nonprotective films and the processes controlling their
growth, This understanding will provide a rational basis for
improving the protectiveness of coatings.

The possibility of using modifiers to improve the structure
of the film is being investigated in the third part of this pro-
gram. Substances which form stable oxides or silicates may be
expected to increase coating life and a number of these will be
tested.

In the fourth phase of the project the interaction of the
coating with the substrate is being studied. This interaction
produces an intermediate silicide incapable of forming a pro-

tective film. The rate of growth of the intermediate phase may

*

thi crminc ccating life, These phases grow by diffusion,
and the use of barriers to slow the growth of the intermediate
has been reported.

A new line of investigation, silicide reactions, has been
added to support other phases of the program. Mixtures of a
silicide and its oxides are examined by X-ray analysis before
and after heating. Evidence of reaction, obtained in this way,

gives information of thermodynamic stability.



Thermochemical Data

Presently available thermodynamic data for tantalum and
columbium silicides are limited to heats of formation obtained
calorimetrically (Robins and Jenkins, 1955), by Knudsen effusion
(Myers and Searcy, 1957), or by reaction equilibria (Brewer and
Krikorian, 1956)., The average accuracy of the best available
data is about + 15%. To date there have been no experimental
determinations of the free energy and entropy of formation of
these silicides. The free energy of formation of these compounds
can only be estimated from heat of formation data under the
assumption of a zero entropy of formation.

In this investigation the free energy of formation of the
tantalum silicides are being determined from EMF measurements

on electrochemical cells of the form:
Pt/silicide electrode//oxide electrolyte//Ta, TaZOS/Pt
where the free energy of the reaction is given by
/AGR = -nFE

and 4Gy contains the known free energies of formation of </ -quartz

and g - Ta and the unknown free energies of formation of the

O
2°5
silicides., The same is true of the entropy of the cell reaction

which is proportional to the temperature derivative of the voltage.

AS_=nF L JE
R e

" The reference electrode half-cell reaction may be

10e” + Ta O = 2Ta + 5 O
e a25



The expected reactions at the silicide electrodes, which in each

case 1s composed of the participating reactants and products, are:

TaSi_ = Ta Si_ + 7 5i0, + 28e

140 + 5 5 5Sig
35 0 + 4 Ta Si, = 7 Ta,0 + 6 TaSi, + 70e
20 + 2 Ta Si, = 5 Ta,Si + Sio, + de
50 + 6 Ta,Si = Ta,0, + 2 Ta,Si, + 10e”
10 0 + 9 Ta,Si = 4 Ta, Si + 58i0, + 20e”
25 0 + 4 Ta, (Si =4 Ta,i + 5 Ta,0  + 50e”
530 + 4 Ta, o Si = 9 Ta,0_ + 4 Si0, + 106e

Background material on solid oxide electrolytes has pre-
viously been presented (Kolodney and Graff, 1967 b}.

During the past six months a large number of cells have been
examined and reproducible results, consistent with the expected

electrolyte behavior, obtained for the following cell:

Pt/Fe, /ThO . Y O_//Ta, Ta O_/Ta/Ft I
/Fe FeXO/, > ¥, 3// a a,0./Ta/ (1)

A number of electrolyte thicknesses and compositions were em-
ployed. Results are presented in Table I. Neither composition
nor thickness was found to have a pronounced effect upon the
observed voltages. However, cells 5 and 6 best followed the
expected temperature dependence of EMF as can be seen by con-
sidering the small variation in the average transport number.
The absence of a pronounced effect of electrolyte resistance
upon cell voltage is contrary to the observation of Steele and
Alcock (1965). Under null current conditions the absence of an
electrolyte resistance effect can be understood by considering

the diffusion of individual species in the electrochemical field.



Table I
Results For Cells of The Form Pt/Ta/Ta,TaZOS//ThO2 Y203//Fe,FeXO/Pt

Cell Electrolyte Relative Tempera- EMF Average Local
No. Resis-— ture C (avg) Trans- Trans-
tancg at port No. port No.
1000 C t. t.
i i
loc
1 ThOo_ 7. 25 1000 604 0.975 0.791
mol% Y203 2.3 200 606 0. 968 0.728
88. 5% dense 800 608 0.963 0.659
0.18" thick 720 596 0.936 0.463
2 ThO2 725 1000 598 0. 965 0.725
mol % Y. O 2,2 900 000 0. 958 0.662
23 800 601 0.952 0. 584
87. 5% dense 700 570 0.893 0.272
0.17" thick
3 ThO2 7.25 1000 5908 0. 965 0.725
mol % Y.O 1 900 609 0.973 0.764
2°3 800 613 0.971 0.719
0.078" thick 700 608 0. 953 0,564
4 ThO2 3 mol % 1000 599 0. 967 0.736
Y 0 5.3 900 605 0. %67 0.717
23 800 605 0. 957 0.626
0.13" thick 700 598 0.938 0.465
5 ThO2 1.2 1000 595 0.961 0.694
v o v A 9.7 900 601 0. 960 0.673
R Y 800 607 0.961 0.648
Thickness 700 613 0.961 0.620
.097"
6 ThO2 7 mol % 1000 599 0. 967 0.736
e 1.2 900 602 0.961 0.683
2 3, 800 610 0. 965 0.683
2wt % SiO2 700 622 0.975 0.736
Thickness
. 09"




In the presence of a low resistance path in parallel with the
cell (of the order of lO7 ohms) electrolyte thickness and compo-
sition will play a role; they will affect the degree of polar-
ization of the cell. The early difficulties in this investigation
are believed to be partially attributable to low resistance paths
in parallel with the cell. The nature of these paths has never
been determined. However, they have been eliminated. Resistance
measurements on the assembled apparatus under open and closed
circuit conditions at 9OOOC showed that the resistance of all
possible parallel paths was greater than lO9 ohms.
From the data on cells of type I an average ionic transport

nunber

- E

£ T B
can be calculated. E* is the expected EMF and E is the observed
EMF. Alsc, since the Fe, FeXO electrode exerts an oxygen partial
pressure which is well within the region of 100% ionic conduction
for thoria-yttria electrolytes, a local transport number at the
electrolyte - Ta, Ta.O_ interface can be calculated from the follow-

275
ing relation:

- *
. _ e4F(E E*) /nRT
1
loc

where n is a parameter characteristic of the electrolyte. From
theory n should be 4. Steele and Alcock (1965) use a value of
2.5. The reduction in n allows for trapping of free electrons at
vacant oxygen sites already present as a result of the doping with

an aliovalent cation. A value of 2.5 was used for Table I.



The oxygen partial pressures over silicide electrodes will
not differ appreciably from the oxygen partial pressure exerted
by Ta, Ta205. Therefore, average transport numbers can be used
to correct EMF measurements made on silicide electrodes with re-
spect to an Fe, FeXO reference electrode. If the voltage for the
cell

Fe FeXO//Electrolyte//Silicide Electrode (1I1)

exceeds the voltage for Cell I Ei is an upper bound for the true
voltage. Similarly, if the voltage of cell IT is less than that
of cell I Ei as determined from cell I is a lower bound. A fur-
ther check on the correction for electronic transport can be made
by measuring the EMF of cells containing a Ta, Ta205.reference
electrode. 1In this case the sign of the voltage will indicate
whether the average transport number as determined from cells of
type I, is an upper or lower bound for the true average transport
number. In addition, the magnitude of the voltage will give some
estimate of the closeness of the bound,

A partial listing of other cells examined during the past
six months is presented in Table II. There is some uncertainty
about the validity of the observations because of possible low
resistance paths in the system and therefore no quantitative re-
sults will be presented. Measurements on silicide electrodes
which are being sintered with 0.5 wt % Ni to improve their density
will be resumed and completed in the next six months.

As was mentioned in Semiannual Report No. 4, (Kolodney and
Graff, 1967a) electrolytes prepared by sintering ThO2 and Y203
in a vacuum furnace with Ta elements are dark green. Solutions
of Y203 in ThO2 are generally brown in the presence of excess

oxygen and off-white in the stoichiometric condition. Some effort

is being directed at explaining these color changes. Transitions



Table II.

Partial List of Cells

Studied During the Report Period

Cell | Reference % Theor. Low Partial Comments
No. Electrode Density of Pressure
Electrolyte Electrode
to 7 mol % of Unknown
Y203 in ThO2
1 Ta, Ta205 90.5 Ta58i3, Stable EMFs within
exXpected values. Tem-
TaéSi, perature dependence
Ta O was very strong.
2°5
2 Ta, Ta205 90. 2 TaSSi3, Stable EMFs within
Ta Si expected values. Con-
277! siderable scatter.
Ta205 EMF exhibited a
maximum
3 Ta, Ta205 TaSSi3, Stable EMFs within
Ta Si expected values, .
27 Considerable scatter.
‘ 8102
4 Ta, Ta.O | Ta si . Except for 3 data
25 5 03 . . .
Ta_Si, p01nt§ in 27 all points
2 fell in a reasonable
SiO2 confidence interval
within the expected
; values, Temperature
dependence was
strong {23 mv/lOOCO)
5 Ta, Ta20 90. 1 | Ta, EMFs not within ex-
> % Ta4 5Si pected values
6 Ta, Ta_ O_ | 90. 1 . sio Stable EMFs ob-
2°5 § i 2 tained
: i . aine
! Ta4‘551, Ta
7 Ni, NioO 89.7 . TaSi_.,Ta_Si The difference between
E \ 2 > 3 the EMFs for cells
| 520, {(7) and (8) did not
8 Fe,Fe O 89.7 ' TaSi._,Ta_Si equal the EMF for
x . %2 5 3| Ni, NiO vs Fe, Fe O
i SlO2 b'¢




Table II.

Partial List of Cells

Studied During the Report Period

(cont.)
Cell |Reference % Theor, Low Partial Comments
No. Electrode Density of Pressure
Electrolyte Electrode
to 7 mol % of Unknown
Y203 in ThO2
9 Fe, FeXO 92 Ta, Ta205 The difference be-
: : tween the EMFs for
10 Ni, NiO 90 Ta, Ta205 cells (9) and (10)
was substantially
equal to the EMF for
Ni, NiO vs Fe, Fe O.
However, the tempéra—
ture dependence was
inconsistent with the
expected behavior of
the electrolyte,
11 Ni, NiO 90 c, sic, CO formation appeared
SiO2 to occur
12 Fe, Fe ) 88 TaSi No reproducible
2 .
values obtained
13 ;Ta Ta205 90 Si, SiO2 EMF maximum was 9 mv
1

st 1000°C. EMF de-
clined to =zero,




from brown to white under reducing conditions are readily ex-

plained in terms of removal of excess oxygen. Such behavior is
common to commercial electrolytes, Radiation induced color
changes in commercial materials can be explained in terms of
electron trapping. Color changes in electrolytes prepared in
this laboratory have not been completely explained.

In an attempt to duplicate the commercial material, ThO2 7.25
mol % Y203 was prepared with 0.2 wt % SiO2 added as a sintering
aid. The resultant pellet was a transluscent brownish green. It
was very dense and glassy. The presence of SiO2 did not impair
the electrolytic properties as is indicated by the results given
in Table I. The effect of Si0O_, on the sintering behavior of

2

ThOz.-YZO3 electrolytes will be investigated in the next report

period,
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Glass Structure and Growth

The object of this phase of the program is to determine the
mechanism of protective film formation by evaluating the struc-
ture, composition and growth rate of the oxide film.

In order to clearly establish the intrinsic oxidation be-
havior of the coating materials, their oxidation is being studied
in bulk form. This approach to the coating problem is particu-
larly attractive in that it eliminates the physical problems
found in coatings, and also allows the effects of small amounts
of additives to be determined. Pure TiSi2, which upon oxidation
forms a protective oxide film, is the initial material being con-
sidered. When the mechanism of protection for this material is
established, the effect on the oxide film of the addition of
silicon and TaSi2 to the pure TiSi2 will be considered.

Wafers of the silicides are prepared by the techniques of
powder matallurgy. The initial oxidation studies were carried
out in static air in a box-type furnace. Techniques for evalu-
ating the character of the film are being developed using these
preliminary specimens. Final oxidation experiments are performed
in a tube-type furnace with controlled atmospheres. These studies
establish the effect of temperature, oxygen pressure and wafer
structure 3p the charact=r and growth rate of the oxide film.

Oxidation mechanisms may then be formulated.

Analytical Technigues

In earlier X-ray studies, the oxide film was removed from
the TiSi2 substrate using a chlorine etch at 700—8000C. The
film was ground and a powder pattern obtained. The purchase of
a Norelco diffractometer now allows the analysis to be made
without destroying the sample. The oxidized specimen is placed
in the sample support holder and the sample scanned. The re-

sulting spectrum shows the TiSi_ substrate gquite strongly with

2

11~



smaller oxide peaks also present. Both techniques will continue

in use.

Oxidation Studies

Oxidation runs were made at 300, 600, 800, 1000 and lZOOOC.
The weight gain data for these runs is shown in Figure 1. The
number of samples at each temperature is indicated in parenthesis.
An oxygen-argon atmosphere was used with an oxygen partial pres-
sure of 0.2 atm. Sample variation in weight gain, where a number
of samples were run, was +30%. The runs at 800 and 1200°C were
made on samples which had been lapped using automatic polishers
while the other samples were lapped by hand.

As indicated in Figure 1, the weight gains were quite low,
ranging from 0.015 mg/cm2 at 300°C for 300 hours to 0.20 mg/cm2
at 1200°C for 100 hours. 1In all cases a protective oxide film

was formed,

Character of the Oxide Film

When TiSi2 is oxidized from 300 to 1300°C there appears to
be four structurally distinct oxide films formed. At 3OOOC where
small weight changes are observed, no visible oxide film is
formed after 300 hours of oxidation. A few, very small, crys-
talline, multicolored areas are observed over the sample sur-
face. Whether these are 'l...iec oxidation products or impurity
oxides is not known.

At 6OOOC for 200 hours oxidation, a multicolored, transparent
oxide film is formed. 1In each area, corresponding roughly in
size and shape to the substrate grains, one of two or three
colors is observed. This color difference may result from a
difference either in oxide thickness or refractive index. Micro-
scopic examination of the film reveals no crystalline growth
areas, X-ray analysis indicates only the TiSi2 substrate. Since

TiO2 is found in the X~ray or infrared studies, it is assumed

-12-



fhat the titanium is trapped in the SiO2 network. This will be
confirmed in later studies.

at 800°%¢ a transparent oxide film is formed. 1In this case
TiO2 crystallization appears to take place at an oxidation time
somewhere between 3 and 7 hours, The same phenomenon occurs
at 1000 and 1200°C, with crystallization occurring earlier the
higher the temperature. At 1200°¢ after about 50 hours many
small nucleation sites form., In the 800 and 1000°C runs most
of the TiO2 is segregated into clumps,

In all of the films described above, the oxide film appears
to grow via a solid-state reaction. At a temperature around
l3OOOC, the structure of the film changes drastically, appar-
ently with a recrystallization of the entire film. The exact

temperature, character and extent of protection provided by this

film are to be determined.

Oxidation Mechanism

One of the most interesting features of the weight-gain
data of Figure 1, is the marked deviation of the curves from
parabolic behavior. In addition, all curves show a change in
slope at some point during the oxidation. Also of interest is
the observation that the weight gain at SOOOC is lower than that
obtalned at 6OOOC. Since a large number of samples have not
yet been run, the following discussion on possible mechanisms
to describe this behavior will be rather general.

Since the oxidation of TiSi2 gives rise to a film which

appears to be based on an amorphous SiO,_ network, it is worth-

while to compare the results to those oﬁtained with the oxida-
tion of pure silicon. It is well established (Deal, 1965) that
the oxidation of silicon follows a parabolic rate law from 900
to l2OOOC, while from 700 to 9OOOC a combination linear-parar

bolic law holds with. the.linear term predominating at the lower

-13~



temperature. Also, marker experiments have shown that the oxygen
is the diffusing species giving rise to the parabolic mechanism
(Pliskin, 1964).

The breaks in the TiSi2 oxidation curves, combined with
the variation in slope from 2.4 to 6.5 would appear to indicate
that a simple bulk diffusion model as in silicon oxidation is
unsuitable. When the 300 and 600°C data are plotted on semi-
log paper a straight line results. The equations representing

these data are

2

T = 300°C (0.91x10 %) log t-8.3x10"

w
Il

T = 600°C (3.5x10"%) log t+2.3x10 2

X

i

where X is in mg/cm2 and t in hours. The 300° relationship is
only valid at times greater than 9 hours. Below this value nega-
tive weight changes are predicted. It was experimentally ob-
served that no weight gain occurred at one and three hours. At
these low temperatures, the ionic mobility in the lattice is
quite small as indicated by the apparent freezing of titanium

into the SiO2 network, If it is assumed that the surface reac-

tion is still rapid enough (contrary to the case for silicon),

a short circuit diffusion model similar to that postulated by

Evans (1960) may be suitable. Evans' nodel does result in a

4]

lgorithniz rzlztisnehin While nn exnerimental evidence is
available to support the short circuit idea, there may be micro-
scopic phase separation resulting from the different coordina-
tion of silicon and titanium in glasses. This could give rise
to lower energy diffusion paths. Methods of determining the
extent of phase separation are being investigated.

While the general shape of the curves at 1000 and 1200°¢

might suggest ‘some form of bulk diffusion and pore closure model,

the meaning of the final slope of 3 would be unclear. More

—14-



samples will be run to test the validity of the data.

The lower weight gains recorded at 8000C when compared to
the 600°C data may be viewed in two ways. Since a different
polishing technique was used for the 800°C sample, its lower
rate may have been due to a better surface. It is also possible
that the effect is due to the character of the film. At 800°C
the titanium is apparently rejected from the network and forms
crystalline TiO_.. The resulting purer SiO

2 2
more impervious to diffusion, giving a lower rate than for a

film is probably
film with titanium trapped in the network. It is planned to

test more samples at these and intermediate temperatures to verify

the effect.

-15-



Oxidation Rates and Coating Modifiers

The work described in the previous section was concerned
with providing fundamental understanding of glasses formed in
silicide oxidation by analyzing the protective and non-proect-
tive glasses. At the same time, it is possible to attempt syn-
thesis of protective glasses on the basis of existing principles
for glass formation. The technique of manufacturing wafers by
powder metallurgy methods lends itself readily to the introduc-
tion of modifiers, The composite material may then be evaluated
by oxidation rate studies to determine the degree of success.

The experimental method chosen for the production of glasses
consists of melting very small gquantities (10-20 mg.) in a U - or
V - shaped kink in a resistance heated thermocouple wire (Baynton,
et al, 1956; Welch, 1954). Simply switching off the heating
current results in an extremely rapid quench, since the quantity
and surface area of the melt is small compared to air bath en-
vironment, Potential crucible materials for melting glass batches
are fused silica, alumina, platinum and its alloys, tantalum, and
tungsten.

Three basic means of examination and identification will be

used., They are metallographic inspection, X-ray diffraction and

'J
+h

nfra-red spectroscopy.

The experimental procedure for the glass study has gone
through a shake-down period with apparent success. The thermo-
couple serves quite nicely as a sample holder, heater and tempera-
ture monitor., The melt droplet is held by capillarity at the
point of the V in the thermocouple wire., The couple, Pt 30Rh vs
Pt 6Rh will be used up to 1800°C, while Ir 40Rh vs Ir has a
2150°C service limit., The latter couple is severely embrittled

by exposure to oxygen, and is much more sensitive to cold junction

errors.

-16-



Heating is accomplished using a DC source interrupted 60
times a second by a chopper. The chopper is a SPDT relay of the
non-bridging type, i.e., it is a break-before-make relay. Con-
tacts are hermetically sealed in a glass capsule filled with high
pressure hydrogen, and are mercury wetted. The dwell is approxi-
mately equal on the normally open and closed contacts when the
coil is driven by 60 Hz signal. The contacts must have a 5 amp
rating to carry the heating current.

At present the Ta205 - SiO2 binary system is being investi-
gated. A phase diagram will be obtained, while at the same time
the glass-forming behavior will be established. Melting is not
readily observed in pure silica due to its "flawless" character,
unlike other oxides where defects cause very sharp and definitive
melting to occur. Of course, the viscosity of silica is also
correspondingly higher,

Boron oxide and aluminum oxide will be then used as additives
for the binary tantala-silica system, which is not expected to
have an extensive glass-forming region. This choice, follows the
concept of replacing two Si4+ ions with a trivalent-pentavalent
ion couple (Grimm and Huppert, 1934, 1937). The integrity and
continuity of the silicon-oxygen network should be preserved,
aleng with electroneutrality. 1f an additive causes a widespread
disruption of double-bonded oxygens, then, as is the case with
alkali and various other additives, single-bonds will form,
destroying the close-knit type network structure as found in
pure silica. This undoubtedly affects diffusion of oxygen and
cations through the "glass" layer, which is sought to provide
oxidation protection for tantalum silicides. An open glass
structure would not seem to afford protection for an underlying
silicide substrate., Thus, in general, glass-modifier additives

should lead to a non-protective oxide scale. Additives of the

-17-



intermediate or former type, of which the above-mentioned are

included, will have the best chance of aiding protection. The
. L. L4+ 4+ +

three other candidate additives, Ti , 2Zr and V5 , are of

these beneficial types, and will be used in the future.

-18-



Substrate-Coating Interaction and Barriers

The service lifetimes of disilicide coatings are shortened
because they interact by diffusion with the metallic substrates

to form lower silicides, such as TaSSi The latter are unable

to form the protective glassy oxide, piesumably because of the
simultaneous formation of the substrate metal oxide, Therefore,
an understanding of the mechanism of growth of the lower sili-
cide layer and its inhibition is an important approach to in-
creasing the coating life,

In the method used here wafers of the substrate metal and
coating material are contacted under pressure at the temperatures
of interest. Rates of growth of the intermediate silicides are
measured. The same techniques are applied to measure and explain
the performance of additive or barrier elements such as titanium
and chromium,

In the past six months trial diffusion runs and exploratory
results were completed. Eight of the proposed 25 data runs have

been completed and the data for the Ta-TaSi_. couples in these

2
runs analyzed,
The data yield the following result for the growth coeffi-

cient, D:

o ~4, -61600/RT

where D is defined by

p =85 Topm

The parabolic form is assumed to relate zone thickness AXx, to

the time for growth t; (/M) is the molar density of the growing
phase. This may be compared with the work of Bartlett (1966)

-~]19-



whose result in the same form is:

D = [15 AC] = (0.3) e—SSOOO/RT

Although the pre-exponential terms are gquite different, the
values for activation energy compare favorably.

A total of eight trial runs were previously made to develop
technigue and to obtain samples for exploratory X-ray diffraction
work. An effort was made to identify the intermediate phases
growing between the various barrier metal wafers and the TaSi2.
The wafers, after annealing, could be separated at the original
interface and the surfaces analyzed. The metal side of the
couple showed MSi_. or M_Si_ or, most commonly, mixtures of the

2 5773
two. The TaSi_ side showed only Ta Si3 although it appeared in

its two crystailographic forms; thai is as a mixture of hexagonal
Ta58i3 and tetragonal TaSSi3. Photomicrographs of the various
couples were taken to record the appearance of the diffusion zones
and to aid in locating the original interface. In most cases
there was no difficulty in defining the original interface: it
appeared as a series of small holes in a straight line parallel

to the phase boundaries. Therefore, marker materials need not

e uzed It was observed that as the diffusion zones grow, voids

accumulated in the TaSSi3 zone next to the TaSi2. This is pre-
sumably due to the accumulation of vacancies which accompanies
silicon diffusion through the intermediate phases.

Initial analysis of Ta—TaSi2 data for original boundary
position proved very interesting. It can be shown (Kolodney and

Graff, 1967a) that:

(ax)?

(Bx)°
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where & X, is the distance of Ta/TaSSi3 interface and Ahxl

the distance of Ta Si3/TaSi interface from the original inter-

5 2
face. From this the expected ratio is 7/3 if Ta diffusion is

negligible or less than 7/3 if Ta diffusion is not. The data,
however, show a ratio of more than 7/3. This can be explained

in light of the X-ray diffraction work in the Ta-TaSi, system.

2
The above ratio can only be expected to hold if the silicon

diffusivity is the same on both sides of the original interface.
That is to say, the materials are identical. In actuality, two
forms of Ta58i3 grow: the hexagonal form, having higher density
and closer packing, and the tetragonal . form. This would lead
to the hypothesis that diffusion in the tetragonal Ta58i3 would
be higher than in the hexagonal form. In fact there is a mix-
ture of the two forms on both sides of the original interface;
but the Ta side contains a considerably higher concentration of

the tetragonal TaSSi Therefore one would expect a higher

3°
silicon diffusivity in the A}gzregion than in the A)ﬁ_region.
This would account for the high experimental value. It also
appears that as diffusion progresses, there is a transition

from tetragonal to hexagonal Ta58i3 and in sufficient time the

complete diffusion zone would be homogeneous hexagonal Ta58i3.

. _ . L 2.
Therefore, as the zone grows in thickness, the ratio {Ax,)} /{&x,)
P4 i

should approach the value of 7/3 if Ta diffusion is neglected.
This trend is observed in the data at hand.

Although the raw data for the barrier metals - TaSi, couples

2
have been recorded for the first eight runs, they have not yet

been analyzed. Nonetheless, it was observed that in each case

the diffusion zone in the Ta-TaSi, couple was smaller than the

2

zone in the M—TaSi2 couples. This includes barriers of tungsten,

molybdenum, titanium, rhenium, columbium and zirconium.

The diffusion anneals will continue and better techniques
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for polishing the couple sandwich will be developed. As of now,
some of the barrier metals (Re and Mo, in particular) become
extremely embrittled and upon subsequent sectioning, grinding
and polishing, the diffusion zones are sometimes separated from
the wafers. This makes measurement of the zone impossible,
although these data can be salvaged if the sample can be ground
down at a later time without again destroying the diffusion
zone.

Further X-ray diffraction work will aim at more complete
identification of the systems being studied (particularly the
Ta—TaSi2 and Ti—TaSi2 systems). This will be accomplished by

precision grinding through the couple and X-ray diffraction

analysis at each step.
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Silicide Reactions

As previously noted, accurate values of the free energies
for refractory silicides are not available. Because of this
the free energies of silicide reactions have a large probable
error and equilibria cannot be accurately determined.

Important information on the systems under study may be
obtained as follows: Reactants are mixed in approximately equal
volumes, and X-ray spectra before and after heating to reaction
temperature are used to identify the reactions that have occurred.
Equal volumes are used to make the X-ray peaks detectable.

The first reaction investigated was

. 5 o 37 .
Ta205 + 7 Ta5513 = 5 8102 + 5 Ta281

The reactants, plus SiO_, ( quartz), Si and Ni (.8%) were mixed

2
with binder, made into pellets, presintered, reacted at l6OOOC,

and X-rayed. The system TiSiz—Tioz—SiO was investigated in

2
the same manner,

No lower silicides were found in the TaSSi system after

3
heating., The only changes were shifts in the crystal structures

of the tri-silicides oxides.

X-ray data on the TiSi. system showed a complete shift to

2

TiSSi3 (hexagonal) with no evidence of TiSi

of the lower silicides (TiSi, Ta

5 Investigations
2Si) will be undertaken.

-23-



Program for the Next Six-Month Period

1. Thermochemical Data:
The completion of EMF measurements for the Ta-Si system
is expected during the next six-month period. An investi-
gation of the sintering behavior of ThO‘-Yzo3 electrolytes,

2

and the influence of SiO_, is also planned. This is expected

to lead to a clarificatiin of the color phenomena observed
in commercial and laboratory electrolytes,
2. Glass Structure and Growth:

The oxidation of pure TiSi2 in an oxygen-argon atmos-
phére will be continued in order to verify and éxplain the
results obtained to date. Additional temperatures and
oxygen pressures will be studied. More detailed study of
the film using X-ray, infrared and electron microscopy are
planned.

3. Oxidation Rates and Coating Modifiers:

The Pt 30Rh vs. Pt 6Rh couple will be used for glass
studies up to 18500C. Above this limit and up to 21500C
the 60 Ir 40Rh vs Ir couple must be used. However, the
experimental apparatus will have to be modified since the
junctions between the couple and the extension wires (OFHC
COPPER VS, DURAL) only match EMF's up to 100°C. It might
also prove necessary to int;oduce an inert gas, e.g., argon,
to reduce the oxidation of iridium. The binary system
Ta_0_-SiO_ will be investigated first. This is to be

25 2
followed by ternaries with Al_O_, and B 03.

4. Substrate - Coating Interaction zng Barriirs:
The program of diffusion anneals will be continued.
Better polishing techniques for the more brittle materials
will be developed. Precision grinding through the diffu-

sion couple with X-ray diffraction analysis at each layer
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will be used to identify the phases formed during annealing.
5. Silicide Reactions:
The lower silicides of titanium and tantalum will be
‘studied for stability in the presence of their oxides. The
difficult problem of successfully pressing and sintering
of silicon powder will be explored so that the oxidation
of silicon pellets with small amounts of additives can be

investigated.
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